ABSTRACT. Bukit Timah Nature Reserve (BTNR), being virtually the only primary rain forest in Singapore, is of very high environmental importance. The forest is located amidst a highly developed residential area and is visited by large numbers of people who seek respite from urban stresses and are invigorated by the natural environment offered by the forest interiors. Trails within the forest are heavily frequented and are, therefore, under constant stress. Results of heavy usage are seen in extreme surface compaction and slope deterioration, which in turn affect the forest bio-physical environment. This paper covers research spanning over 13 years from 2004 ('before forest closure') to 2017 ('after forest reopening'), tracks the degeneration of the forest under such severe patronage by visitors, and reports on changes in the Nature Reserve's physical conditions during and after a period of closure for renovation of public facilities. Several factors of importance to the forest bio-physical environment, such as soil compaction, soil bulk density, soil surface organic matter status, and infiltration rates of surface soils were monitored during these 13 years and visible and measurable longitudinal changes are recorded. Significant improvements are seen in soil compaction values, organic matter content, and bulk density of the trail surface soils subsequent to the forest closure, indicating that the closure and the resultant natural regeneration of the forest has significantly improved the forest interior bio-physical environment. The success of this management strategy can be taken as evidence of good management procedure and can, therefore, set an example to follow in future to sustain the bio-physical status of Bukit Timah Nature Reserve.
Introduction
Bukit Timah Nature Reserve (BTNR), situated in the centre of the main island of Singapore, is the nation's flagship rain forest reserve, managed by the National Parks Board, Singapore. Considerable parts of this forest still retain the original primary rain forest characteristics and it may be considered one of the prominent remnant natural areas in the heart of a very urbanised part of Singapore island. Being barely 11-12 km away from the Central Business District of the city and located in the middle of a densely developed residential area, BTNR faces challenges of colossal proportions for its survival and sustainability. The forest has travelled from anonymity to fame and then from degeneration through over-popularity to a carefully-curated revival during the period from the independence of Singapore until the present. This paper relates how the forest environment had gradually deteriorated through over-use in the post 1990s when the neighbouring area was designated as the condominium belt of Singapore and how, through active timely intervention by the National Parks Board with some participation from interested nature professionals, the forest has rebounded and is, most likely, on the way to recovery, mostly through natural regeneration.
This paper aims to assess the physical environment within the forest, particularly the forest surface conditions, which, in turn, have immense influence on how the forest vegetative growth performs. The collection of data is intended to assess forest surface conditions, with special emphasis on soil textural characteristics, soil organic status, soil bulk density, soil surface resistance (showing surface compaction) and soil infiltration capacity, to compare the trail surface data with the controlled data from undisturbed and unimpacted forest slopes. The analysis aims to find out the differences in the surface conditions on the impacted surfaces. This, in turn, is expected to reveal the extent to which the trail surfaces were revived from the original severely impacted conditions during two decades of high usage, starting from the 1990s. The choice of research parameters aims to assess the surface conditions on the forest trails during the temporary closure when the forest interior had some time to regenerate itself, and also after reopening. This helps to assess if the forest conditions improved during a period of temporary closure and how the reopened forest is responding to visitors after the trail amelioration work was done.
The appraisal of physical conditions sets the context for all of the biological groups surveyed during the comprehensive biodiversity survey of BTNR that was introduced by Chan & Davison (2019) .
Patterns and impacts of visitor use

Status of the forest: from unknown to well-known
The area around BTNR was designated by city planners as a condominium belt and as such, gave way to many high-rise residential developments, starting from 1990. Chatterjea (2012) discussed how proximity to this patch of forest within 2 km of the residence of more than 6000 households escalated the visitorship to this forest to a staggering number of more than 1000 people per day (Chatterjea, 2012 (Chatterjea, , 2014a . The 163 ha forest, including some 75 ha of primary forest, along with the criss-crossing trails, were exposed to immense degrees of surface compaction, trail widening, and slope disturbance, all as a result of the high usage by people frequenting the forest (Chatterjea, 2015) . Analysis of the visitorship to the forest in the 1990s and 2000s revealed the visiting habits of the people frequenting the forest (Table 1) .
From Table 1 , it is clear that most people stay in the forest for a short period of about two hours, use the forest as an exercise ground within a natural environment, and prefer the forest trails for their use. The result of these choices by visitors has generally been disruptive for the wellbeing of the trails.
The 2006 survey (Chatterjea, 2006) revealed that, on average, there are >86 persons at any one time, trampling on each kilometre of the trails for around two hours and that is alarmingly high. Longitudinal data also revealed that the choices of the visitors have changed over the years and now an increasing number of people (95% of visitors) are keener to go to the more arduous forest paths than to the metalled main road that leads to the summit. Such high usage, particularly on the forest trails, changed the way Bukit Timah Forest was perceived by the visiting crowds. Revealing details relating to altered usage of the forest come from Chatterjea (2012) . Data show that more than 80-89% of the visitors visit the forest for exercise, trail walking, jogging, and biking, with only 11-20% of the visitors engaging in nature and bird watching. It is quite obvious that over the years, with its new-found popularity, BTNR has lost its past atmosphere as a secluded environment where people found bird watching and nature watching more engaging, particularly during the morning and early evening peak visiting hours. The crowd thins out after 10 am in the morning before peaking again around 4 pm for another two hours. Research shows that visitor numbers are high during these two periods, when car parks are full, and there are many people along the trails and the main road. While this increase in visitor numbers has repercussions on the wildlife in the forest, this research looks at the physical changes that result from high traffic on the forest trails.
Tracking the altered physical conditions in the impacted forest
Heavy and continuous human traffic on the unpaved, soil-covered trails increase the surface degradation by compaction of the top surface layers of the soil, rendering them almost impermeable in times of rain. This leads to generation of fast flowing surface wash during the frequent rains. The usual forest cover inhibits generation of surface-wash (Chatterjea, 1989 (Chatterjea, , 1994 . But trail surfaces that are compacted from Oei et al (2007) , Chatterjea (2007) , and Chatterjea (2012) and 2017 data were collected after the reopening of the forest.
heavy usage work like ephemeral streams during heavy rainfall, channelling the surface water along narrow grooves and initiating severe washing out of the top organic layer of the soil profile. Evidence is presented below showing cases where the top soil cover is totally removed through this action of water on disturbed trail slopes. Field measurements showed that on trail segments where flowing surface water was not present, the organic matter percentage in the top soil was much higher than on trails where surface water had flowed during rain. The surface flow during heavy rains washed out the fragile organic layers, thus reducing the organic matter concentration in the top soils of impacted areas. The impact of heavy usage includes changes in the trail surface conditions, widening of the trails, extension of off-trail sections into the trail segments, grooving of trail surface, water-logging on badly compacted segments which leads to loss of soil consistency and stability, and most importantly, severe trail surface compaction. All of these effects have been observed, measured, and analyzed in detail and the results have been published in a number of articles (Chatterjea, 2007 (Chatterjea, , 2012 (Chatterjea, , 2014b . The final result, as shown in Chatterjea (2007) , is a network of trails that are degraded and extended. The compaction on the surface is usually too high for subsequent root penetration and root extension, leading to general degeneration of forest vegetation, particularly along and around the trails.
Since that earlier investigation the forest was closed to visitors for a period. During this closure, when trails were being repaired and realigned, there was no visitor traffic for about two years from 15 September 2014 to 22 October 2016. During this period, with no human traffic impacting on the trails, it was hoped that the trails would recover partially from the earlier heavy impact. This study set out to track the surface condition changes during this closure and compare them to the past data in order to assess the effects of the closure. One set of data was collected during January 2016, when the forest was still totally closed to the public. A subsequent set of data was again collected in early February/March 2017, a few months after the trails were re-opened to the public. This during-and post-closure data is analysed against the backdrop of earlier trail surface conditions during a period of heavy usage between 2004 and 2015.
The report here analyses the longitudinal changes of the trail surface conditions to assess the impact of the closure and how the forest responded to a period of noimpact. The longitudinal analysis of the trail conditions was done for three main factors that impact the trail surface conditions and function as biogeographical indicators of the forest environmental conditions. The factors monitored over this period of 13 years are trail surface compaction, trail surface soil dry bulk density, and trail surface soil organic matter content.
The reason for choosing these specific factors for comparison and monitoring is that earlier studies in this forest (Chatterjea, 2007) revealed that the main impact of excessive usage by visitor traffic is a considerable increase in surface compaction due to impact, which in turn changes the dry bulk density of the soil, reduces infiltration rates, and helps generate very fast flowing surface-wash during heavy downpours. Such uncharacteristic excessive surface-wash erodes trail surface materials, removes productive top soil and organic matter, and exposes the lower soil layers and rocks.
Physical conditions in the impacted forest: before forest closure
Trail surface compaction: Soil Penetration Resistance (kPa)
A summary of observations regarding the degeneration of trails between 2004 and 2012 is given in Table 2 .
All trails showed severe surface compaction, with Seraya Loop and Dairy Farm Loop leading with extreme degrees of compaction. The degree of compaction increased yearly, as evidenced in Table 2 , and maximum surface penetration resistance was recorded in the range of >2000 kPa to as high as >4000 kPa. Research shows that soil penetration resistance higher than 2000 kPa is detrimental to root development (Bengough & Mullins, 1991; Sinnett et al., 2008; Moraes et al., 2014) . The vast majority of roots were recorded in soils with a penetration resistance of less than 3000 kPa (90.7%) with a significant amount in the less than 2000 kPa class (70.2%) (Sinnett et al., 2008) .
The worst affected trails were Seraya Loop and Dairy Farm Loop and the trail surfaces were severely pitted, holed, and damaged. Fig. 4A & B) .
Overall, all trail surfaces in BTNR degraded progressively between 2004 and 2012, in spite of the continuous ad-hoc trail repairs. Records show that out of 78 monitored locations on the trails, 90% of sites were classified in the moderate to high hazard categories and the trails had become dangerous for use, while also being damaging to the forest environment. Table 3 below shows these changes from 2004 to 2012. Figure 5 shows how the degrees of hazard gradually increased over the years. This was a result of excessive human trampling on trails, particularly those on steep slopes, such as Dairy Farm Loop, and Seraya Loop.
Based on measured compaction data, maps were drawn up to demarcate hazardous locations on each trail and this was published in Chatterjea (2007) , which could be used as a guide to carry out trail repairs.
Demarcation of hazardous trail segments was done for both forest sustainability as well as visitor safety (Fig. 6 ). Trails such as Seraya Loop and Dairy Farm Loop were demarcated as being in critical condition. This hazard map clearly shows the areas of concern and all the very critical locations coincided with steep slopes, indicating that compaction on steep slope segments made the surfaces more vulnerable as fast surface wash on steep slopes could do more damage to the top soil by washing them off during severe rains.
Dry Bulk Density of top soil surface
High dry bulk density (DBD) is an indicator of low soil porosity and soil compaction. It may cause restrictions to root growth and hinders movement of air and water through the soil. One important effect of this may be to limit a plant's ability to find water. The ability of the plants to access soil water may be limited by the inability of roots to expand throughout the matrix of very compacted, heavy soil. Both root quantity and root distribution help a plant to find and utilise heterogeneously distributed resources in the soil. Deep roots allow access to water unavailable to plants with shorter root systems. The root biomass per unit of soil volume has been noted to increase in nutrient-rich areas (Aanderud et al., 2003) . Thus, soil bulk density plays an important role in ensuring that both water and nutrients are readily available to the plants through a well-laid out root system. Characteristically forest soils are light and have high root Figure 7 shows the distribution of DBD in different locations of BTNR. It is significant that the locations of high DBD are similar to the locations for high surface resistance and these are the worst affected locations on the trails, e.g., C194/R249 on Seraya Loop and C196/R247 on Dairy Farm Loop. Table 4 shows an important aspect regarding soil bulk densities in the forest. On trails, the soil DBD increased rapidly (almost doubled) immediately below the surface, while under undisturbed forest cover the increase in DBD was more gradual, as well as, much lower in absolute terms. While DBD usually increases downwards with depth on all soils due to the weight of the over-burden, the sharp increase at just 10-20 cm depth on trails is indicative of external impact, such as from excessive trampling on the trail surface. This can create a cap effect, hindering root penetration and extension in this part of the soil profile. 
Trail and forest infiltration rates
With such high compaction of the top soil surface, it is not surprising that infiltration of rainwater to the soil was impeded. Measurements of infiltration rates were carried out on several trails over a few years and generally while the forested slopes allowed ready infiltration, trail surfaces were totally impermeable (Fig. 8) .
There was evidence of quick generation of surface wash during rains and heavy concentrations of suspended sediments were recorded in the flowing runoff. Chatterjea (1989 Chatterjea ( , 1994 recorded suspended sediment concentrations ranging from 1714 to 5200 mg/l on disturbed trails with unimpeded surface runoff, while the forest streams in BTNR recorded only 172 to 222 mg/l for the same storm event. Generation of surface wash results in removal of the top soil from trail surfaces. This is significant as the top 5-10 cm of the forest surface holds much of the soil organisms and nutrients.
Trail and Forest Organic matter percentage
With heavy impact on the trail surfaces and severe surface compaction, the soil cover becomes less permeable to air and water. This inhibits organic activity in the top soil layers. Root densities are also reduced as the compacted soil makes it difficult for root extension. The overall effect of this is a general reduction in the total soil organic matter content. Investigations on the same revealed that the trail surfaces consistently yielded lower organic matter content than the forested slope soils, as seen in Fig. 9 .
Field measurements of dry root mass percentages in top soils on trails and forest slopes were done and Table 5 shows the results obtained from various trails in BTNR.
Research shows that root distribution is greatly altered due to soil compaction (Shierlaw & Alston, 1984) . Compaction decreases root length in the soil. Where bulk density is 1550 kg m −3 , root length in the compacted soil is about 50% of the maximum (Shierlaw & Alston, 1984) . Bukit Timah's trails show differences in root density versus soil compaction that are very similar to what was found by Shierlaw & Alston (1984) (Table 5 ). At that high density, the penetrometer resistance of the soil is 1250 and 5000 kPa. Roots fail to grow completely through the compacted layer of soil . In BTNR, trail surface records show DBD as high as 3.33g cm -3 (3330 kg m -3 ). The inversely proportional relationship between DBD and root density is apparent when root densities are examined both from forest and trail soils. At BTNR such tests yielded results that clearly show that due to the extreme compacted conditions on the trails, the soils there do not allow roots of vegetation to expand. In the long run, this is detrimental to the health of the forest as such inhibited conditions will affect vegetation regeneration as long as trail surfaces remain as an impediment to root extension.
Quite consistently trail surfaces yielded much lower organic matter from the top soils, as compared to the forest soils. While the forest soils yielded 8.5-18.2% organic matter, the dry, severely compacted trail soils had only 4.6-5.8% organic matter, with a minimum of only 1.31%. Therefore, it seems that the compacted trails do provide quite a hindrance to root growth and extension, as seen in the root density and soil organic matter content. The overall forest environment during this period of heavy visitor arrivals was one of severely compacted and trampled trails which deteriorated over time.
Forest management responses
As trails became increasingly degraded, forest management engaged in several repair strategies, such as barriers along the sides of trails to prevent trailsides becoming incorporated into the trail (Fig. 10) . Before the official long forest closure, the steps taken to minimize trail widening included the installing of railings or laying of fallen logs on either side of the trails. Where trails became muddy, slabs of tree trunks were placed as stepping stones for visitors. The costs of trail maintenance varied depending on the weather, visitorship, and the type and extent of repair needed (S.K.L. Chan, pers. comm., 2004) .
Repair work was usually carried out on ad-hoc basis, as a series of temporary measures. In 2015, however, work was due to begin on reconstruction of the visitor centre, a major infrastructure project. To prevent risks to members of the public, it was necessary to close access to the nature reserve for some time, particularly because the main access route was adjacent to the construction site, and the main car park was adjacent to movement of construction vehicles. The closure provided an opportunity, not just to repair the damaged segments of trails, but also to allow natural regeneration of the forest's physical as well as the biotic environment. The severely impacted trail conditions had developed over more than two decades of heavy usage and it was recognised that substantial work would be required to repair and reorganise the trails. The forest was closed to the public from 15 September 2014 for a period of two years, though certain limited access was given to the public from 1 April 2015. The forest was fully reopened to the public in October 2016. During this closure the National Parks Board took the opportunity to conduct repair and restoration works to the slopes, trails and the forest in the reserve. Slopes were stabilised, trails and forested areas were repaired and restored, and visitor amenities and infrastructure were upgraded. Badly impacted and failed slopes were repaired, as much as possible, using local material (wood from the forest). Some 5 km of trail surfaces were repaired, three slopes were stabilised, habitat enhancement was done through planned reforestation and enrichment planting, and some trails were realigned. Figure 10 shows some of the trail amelioration carried out by the National Parks Board during the closure repair work. The strategies for the trail repairs aimed at reducing trampling impact on the trail surface by introducing boardwalks on steep sections, altered surface materials on impacted areas, reducing the scope for trail extension by establishing barriers on the sides and also providing dual-height steps, to discourage visitors from straying on the sides for easier access to slopes. Some difficult trails have been closed to visitors to help the trails regenerate naturally.
The impact of the closure on forest physical conditions
Physical status of the forest after reopening During the period from September 2014, when all forest trails were closed to public access, the trail segments and the surface conditions were left mostly untouched, unless repair works were carried out in some sections. The Seraya Loop was permanently closed to visitors, as was Tiup Tiup Path. During this period soil surface conditions as well as soil characteristics were measured to examine the impact of the closure and to assess the degree of regeneration, if any, of the forest physical conditions. The first measurements were taken between December 2015 and January 2016. This was to find out how the trails performed during the closure. Another measurement was carried out in March 2017, approximately 6 months after the forest was reopened for public access. The objective of both of these monitoring events was to establish the degree of regeneration of surface and soil conditions during the period of no use. The exercise is aimed at providing an insight on natural forest regeneration and it might serve as guidance for future management strategies for the forest. The same trails were monitored for surface penetration resistance (soil compaction), soil dry bulk density, soil organic matter and the values are compared with the previous observations, to examine the changes. Since the closure, the trail surface compaction has been reduced by several magnitudes. Figure 14 shows the surface hazard status before forest closure and Figure  15 shows the changes in the hazard status recorded at the end of the forest closure. Monitoring of the trail compaction status in the post-reopening stage revealed that all monitored sites were placed in the No Hazard status. Figure 15 demarcates the exact grid locations for this immense improvement of the forest trail surface condition, following the closure of the forest. The two sets of data indicate that after leaving the forest trails unused for about 16 months, there was natural regeneration of the soil conditions, without any active intervention or amelioration from the managers.
Post-closure changes
The soils along the trails also improved immensely in terms of their organic matter contact. Figure 16 shows improvements in organic matter content during the two phases of monitoring. Again, like the surface compaction monitoring, readings were taken from trails after about 16 months of closure and then again about 6 months after reopening. Both the readings are shown in Fig. 16 . Every monitored site recorded increase in organic matter. This is expected as in the absence of trampling, the forest floor litter was allowed to settle down and get naturally degraded through bioactivity and, finally, get incorporated in the soil.
Along with increases in organic matter in top soils, there has also been some improvement in the dry bulk density of the soils (Fig. 17) . This is also reflected in the compaction values.
Conclusion: Altered physical status of the Bukit Timah Nature Reserve
From the long-term monitoring studies it is evident that the forest interior conditions have degraded, spiraling downwards in synchrony with the increasing usage over the initial years of the nature reserve's popularity. The management intervention of the two-year closure brought some of the original forest conditions back on track, with natural regeneration of trail surfaces, soil conditions and soil bio-environments. This is heartening as it provides guidance towards future management strategies of the forest. While previous ad-hoc repairs and closures provided some ad-hoc results, a more concerted and uninterrupted repair, rehabilitation, and readjustment of interior infrastructure and environment seem to be the way to go forward in management of BTNR. Another outcome of the closure between 2014 and 2016 is the public awareness of the importance of such closures and also the public acceptance of such initiatives. The recent closure will be a useful precedent for future conservation efforts.
From longitudinal data spanning 13 years on BTNR's interior physical environment, it is evident that, during the period between 2004 and 2015, when the popularity of the forest as a nature refuge for the neighbouring urban residents peaked with more than 400,000 visitors in a year, BTNR transformed from an almost unknown forest to one that was extremely heavily visited. The primary problem of BTNR is its proximity to a huge resident population and its attraction as an indigenous, natural forested environment. With annual visitor numbers as high as 400,000, the 10.6 km walking trails alone saw a staggering 1103 visitors per day. This figure is the minimum as visitors entering from the six unguarded entrances are not included in this data. As mentioned in Chatterjea (2012) , if the IUCN guidelines of 10 persons per hectare per day for forest sustainability are followed, the 163 ha area of BTNR should be able to support a visitor number of only 1630 per day. Further, the 75 ha closed forested area of BTNR that is actually visited by people going to the trails can support an optimum visitor number of only 750 per day. If the present visitor preferences for the trails (92%) are considered, the trails should only get a daily maximum of 690 visitors. The present figures (an estimated minimum of 1103 persons, not including the ones who come to the forest through the unmanned entrances) are markedly higher than this optimum value. To respond to such increased preferences for the trails, the forest management initially expanded the length of trails to cater to the growing visitorship. But, later, when trails got heavily compacted and management became too difficult, in the 1992 upgrading programme, 8 trails were closed, still leaving more than 10.6 km of forest trails inside the main forest reserve boundaries, apart from the biking trails. This closure improved the trails and vegetation around Fern Valley, marked as a core area of the forest. During this period of gradual increase in popularity of BTNR, forest management involved regular checks of trails, ad-hoc measures for combatting extensions of trails by unruly users, partial closure of impacted trails, prevention of widening of trails by users, installation of logs as barriers at the verge of the trails, and the placement of logs to create by-passes in muddy areas.
While such measures were taken to reduce impact on the forest and also to provide a safe place for visitors, in-depth studies were a dire necessity to examine the actual site-specific conditions, to find a long term solution to the problem of huge visitorship, while also protecting the only primary rainforest reserve in Singapore. This longitudinal study aimed to do just that and the results reveal the transformation of the status of the forest as well as its journey from a little known forest of the 1980s and early 1990s to the bustling recreational area of the 2000s.
The status of the forest has definitely changed over the years. The IUCN listing declares BTNR as a Category Ib forest (Wilderness Area: managed mainly for wilderness protection). According to this categorisation, 'Protected areas are usually large unmodified or slightly modified areas, retaining their natural character and influence, without permanent or significant human habitation, which are protected and managed so as to preserve their natural condition. The primary objective is to protect the long-term ecological integrity of natural areas that are undisturbed by significant human activity, free of modern infrastructure and where natural forces and processes predominate, so that current and future generations have the opportunity to experience such areas ' (IUCN, 2017) . But, with the changing trends of use of the forest, BTNR could well be placed in other categories such as Category II, a National Park, where along with the protection of natural biodiversity, the underlying ecological structure and supporting environmental processes, the area also promotes education and recreation. Alternatively, BTNR could be classed as Category IV (Habitat/Species Management Area), aiming to protect particular species and habitats with the management reflecting this priority. This category of protected areas needs regular, active interventions to address the requirements of particular species or to maintain habitats. Whatever category BTNR is classed as, it is increasingly evident that the forest cannot be protected as an isolated zone, away from public attention and use. That would not only alienate the forest from the public, but also reduce its status from a national Nature Area to one forgotten forest. The current strategy of redressing the impacts through direct and active intervention from time to time seems like the best option for continuing to protect Bukit Timah as the flagship Nature Reserve in Singapore.
